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Nineteen diterpenoids, including saldigitin A (1) bearing an unprecedented 10-methylated 6/7/6 carbon
ring system, two new icetexanes (2, 3), and two new nor-abietanes (5, 6) were characterized from the
roots of Salvia digitaloides. Their structures were elucidated by the analysis of the spectroscopic data,
X-ray crystallography, and TDDFT calculations of ECD spectra. The novel architecture of 1 should be
biogenetically derived through the cleavage and re-cyclization of the B/C rings from the normal abi-
etane skeleton. Biologically, 1-5 exhibited noticeable inhibitions on Ca,3.1 low voltage-gated Ca2* channel
(LVGCC), with ICsp values in the range of 3.43-11.70 pmol/L. They are the first example of diterpenoids
with 6/7/6 carbon rings system as Ca,3.1 antagonists.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Salvia, one of the largest genera in the economically and medic-
inally important family Lamiaceae, is distributed worldwide and
arises the folkloric belief of its “magical” therapeutic properties
for various indispositions [1]. Investigations on Salvia plants have
led to the discovery of a number of secondary metabolites, mainly
diterpenoids and polyphenols [1-5]. Of these, abietanes and clero-
danes have been identified as typical metabolites with diverse
structures and significant bioactivities, such as salvicine (a signif-
icant antitumor agent), tanshinone IIA (a cardioprotective agent),
salvinorin A (a potent agonist at the x-opioid receptor), and neo-
tanshinlactone (a significant and selective inhibitor against two ER
human breast cancer cells) [1-5].

Our group has been investigating the diterpenoid constituents
of Salvia since 2000, and has discovered many diterpenoids with
attractive bioactivities [6-12]. Salvia digitaloides is an indispens-
able ingredient of a special traditional “red wine” by local Ti-
betans to strengthen their physical health [13]. Previously, twelve
iridoids, four isoprenylated flavonoids, and fifteen abietane diter-
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penoids have been discovered from its roots [14-17]. Recently, sev-
eral diterpenoids such as salpratlactones A and B, a pair of cis-
trans tautomeric abietanes isolated from S. prattii, have been iden-
tified as the first Cay3.1 agonists [10]. In order to explore more
diterpenoids with bioactivities on Ca,3.1, the roots of S. digitaloides
were phytochemically investigated in this study.

In our continuous investigation on S. digitaloides, another nine-
teen diterpenoids including five new ones, saldigitins A-E (1-3, 5,
and 6) were isolated and identified (Fig. 1). Notably, saldigitin A (1)
was elucidated to possess an unprecedented 10-methylated 6/7/6
carbon ring system. And the skeleton of 1 should be biogenetically
derived through cleavage and re-cyclization of the B/C rings of nor-
mal abietane skeleton, which was distinct from the biopathway for
icetexane type diterpenoids with a methyl-20-incorporated 6/7/6
carbon scaffold such as compounds 2-4 in this study. The struc-
tures of isolated compounds were assigned by extensive analysis of
their spectroscopic data, and the absolute configuration of 1-3, and
5 were determined either by X-ray crystallography or theoretical
calculations of their electronic circular dichroism (ECD) spectra. In
addition, we initially disclosed that 1-5 notably inhibited the peak
currents of Cay3.1 low voltage-gated Ca?t channel (LVGCC), an at-
tractive therapeutic target for neuropathic pain, absence epilepsy,
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Fig. 1. Structures of 1-15.

insomnia, and Parkinson’s tremors [18-20], in a dose-dependent
manner with IC5q values of 7.08, 10.09, 11.70, 4.97, and 3.43 pmol/L,
respectively. In addition, it is the first report of icetexane and re-
lated diterpenoids possessing 6/7/6 carbon rings system with an-
tagonistic activities on Cay3.1. Reported herein are the isolation,
structure characterization, proposed biogenetic pathways, and bi-
ological evaluation of these compounds.

Saldigitin A (1) was isolated as a colorless needle crystal and
its molecular formula was determined as CigH;503 by HRESIMS
(m/z 3011814 [M - HJ-, calcd. for CigH,503, 301.1809), including
7 degrees of unsaturation. The IR spectrum displayed bands for
hydroxy (3472 cm~!) and carbonyl (1614 cm~!) groups. Besides,
the 13C NMR spectrum presented 19 carbon signals ascribed to
eight quaternary carbons (including one ketone and five olefinic),
two methines (including an olefinic one), five methylenes, and four
methyls. The three double bonds and one keto moiety accounted
for four degrees of unsaturation, suggesting the tricyclic skeleton
of 1. In addition, the characteristic signals for abietane type diter-
penoid including three singlet methyls [§y 0.84, d¢ 33.2, Me-18;
Sy 0.93, §c 23.1, Me-19; and 8y 1.28, 6¢ 16.9, Me-20], five typical
methylenes [y 1.94 (m), 1.23 (m), é¢ 40.0, H-1; 8y 1.63 (m), 1.47
(m), 6c 18.9, Hy-2; 8y 1.32 (m), 1.09 (m), 8¢ 42.6, Hy-3; 6y 1.95
(m), 1.79 (m), Sc 251, H2-6; 8].[ 2.64 (m), 2.56 (m), SC 310, H2-7],
and two aliphatic quaternary carbons [6¢ 34.3, C-4; 8¢ 50.8, C-10]
indicated that 1 should be an abietane derivative [1-12].

Normally, the chemical shifts of C-10 and Me-20 for an abi-
etane diterpenoid were presented at §¢ 36-43 (s) and 8¢ 22-28
(q), respectively, in the 3C NMR spectrum [21,22]. Whereas in 1,
these two characteristic signals were replaced by two distinct sig-
nals at 8¢ 50.8 (s) and 16.9 (q), respectively (Table 1). In addition,
a carbonyl group at §¢ 219.0 (C-9) and the typical methylene (CH,-
1) were presented simultaneously. These observations showed that
the structure of 1 was quite different from those of common abi-
etanes with ordinary 6/6/6-membered ring system.

The HMBC correlations of Me-20 with C-9, and the mentioned
carbonyl carbon at 8¢ 219.0 led to the assignment of the ketone
carbonyl group at C-9. The connection of C-5/C-6/C-7 was accom-
plished by the proton spin system of H-5/H,-6/H,-7 observed in
the TH-'H COSY spectrum. Furthermore, the HMBC correlations of

Fig. 2. X-ray crystal structures of 1 and 5.

H-5 with C-7, C-9, and C-10, H-7 and H-16 with C-8, C-9 and C-
11 further established the linkage of C-5/C-10 (Me-20)/C-9/C-11/C-
8/C-7, which evidently showed the unprecedented 10-methylated
seven-membered ring B. The six-membered ring A was established
by the HMBC associations of the geminal Me-18 and Me-19 with C-
3, C-4, and C-5, of Me-20 with C-1, C-5, and C-10, conjugated with
the proton spin system H,-1/H,-2/H,-3 (Fig. S1 in Supporting in-
formation). Similarly, the HMBC couplings from the singlet Me-17
(8y 2.22) to C-13, C-15, and C-16, from the unsaturated methine
signal at §y 6.40 (1H, s, H-16) to C-11, C-13, C-17, C-8, and C-15,
confirmed the existence of aromatic C ring. Thus, the 2D structure
of 1 was established.

Assigning H-5 as «-oriented, the large coupling constant
(®Ju-sm-6b = 12.2 Hz) indicated that H-6b (§y 1.79, m) adopted S-
orientation [23]. The correlations of H3-18/H-5¢¢, H3-19/H-68, and
H3-20/H3-19 observed in the ROESY spectrum revealed that Me-20
was B-oriented. Finally, a fine single crystal of 1 was obtained and
the X-ray crystallographic data [Flack parameter=0.01(6), CCDC:
2120506] further confirmed its absolute configuration as 5S, 10S
(Fig. 2).

Biogenetically, compound 1 might rationally be generated from
a common abietane precursor ferruginol (12) undergoing epoxi-
dation to form 9,11-epoxide i [24]. A pinacol rearrangement oc-
curs from i with acidic conditions lead to a B-homo-C-nor-abietane
with a rearranged 6/7/5 ring system (ii) [11]. Meanwhile, the C-
13/C-14 double bond further be oxidized to form two ketones (C-
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Table 1
'H (600 MHz) and C (150 MHz) NMR spectroscopic data for compounds 1-3, 5, and 6.

No. 1 22 3b 52 6°

Sc 8y (J in Hz) Sc 8y (J in Hz) 8¢ 8y (J in Hz) 8¢ 8y (J in Hz) Sc 8y (J in Hz)
1a 400 1.94, m () 401 1.74,dd (12.7,5.7) 419 1.39, m (8) 32.6 252, dd (18.0, 14.0) 120.8 8.35,d (8.2)
1b 123, m (B) 1.54, dd (12.7, 5.7) 1.61, m () 1.65, m
2a 189 163, m(B) 205 1.88, m 183  1.30, m (a) 229 221, m 127.3 7.70, dd (7.1, 8.1)
2b 1.47, m () 1.59, m 1.73, m (B)
3a 426 1.32, m 39.7 140, m 423 1.16, m 1224 547,s 126.6 7.75,d (7.1)
3b 1.09, m
4 343 44.2 34.0 1329 138.7
5 46.1 1.55,dd (12.2,5.0) 54.8 1.48, m 57.0 1.16, m 442 277, br d (14.6) 131.5
6a 251 195 m 241 1.88, m 231 172, m 38.1 2.86,d (4.3) 121.0 8.08,d (8.7)
6b 1.79, m 1.40, m 135, m 2.83,d (4.3)
7a 31.0  2.64, m (B) 323 276, m 348  2.50, m (B) 199.7 117.0 7.96, d (8.7)
7b 2.56, m (@) 2.81, m 2.60, m (@)
8 130.2 139.6 136.1 130.1 107.7
9 219.0 121.4 133.0 147.0 148.8
10 50.8 84.9 70.1 36.0 122.7
11 121.7 146.9 118.0 6.46, s 1219 7.23,s 157.6
12 143.9 142.5 152.7 142.5
13 141.5 138.7 120.2 152.2 109.9
14 116.9 647, s 130.1 6.70, s 113.6 7.60, s 157.9
15 128.6 26.6 3.18, sept (6.9) 155 2.03,s 28.1 3.32, sept (7.0) 119.4
16 121.6 6.40,s 241 1.0, d (6.9) 225 1.25,d (7.0) 142.8 7.98, q (1.6)
17 16.0 2.22,s 240 1.19,d (6.9) 22,5 1.24,d(7.0) 8.3 2.31,d (1.0)
18 332 0.84,s 193 0.87,s 323 0.85,s 211  1.66,s 61.2 5.00,d (5.1)
19 231 0.93,s 771  3.71,d (7.9) 21.8 0.83,s

3.57,d (7.9)

20a 169 128 s 343  3.08,d (14.3) 511  2.76, d (14.0) (a) 219  1.10, s
20b 2.97, d (14.3) 2.31, d (14.0) (B)
OMe 620 3.73, s (MeO-12)
OH 564, s (HO-11) 3.12, s (HO-10); 8.72, s (HO-12) 6.46, s (HO-13)

2 Recorded in chloroform-d.
b Recorded in DMSO-dg.

13 and C-14). Subsequently, decarboxylation of C-14 proceeded to
form a carbanion (C-8), which attached the terminal olefinic link
(CH,-16) via a Michael reaction to build up the six-membered ring
C (iii), and then undergoes oxidation reaction to form the structure
of 1 [10,25,26]. Biogenetically, icetexane diterpenoids, with a sim-
ilar 6/7/6 skeleton, were believed to arise from a rearrangement
of normal abietane and chemically belong to the 9(10—20) abeo-
abietane framework with a 6/7/6-membered ring system [1,27,28].
Accordingly, 1 possesses a unique methyl at C-10 that derived from
a distinct way of the cleavage of both rings B and C, and then
re-cyclization to form the unprecedented 6/7/6 ring system which
should be distinct from that for the normal icetexane (Scheme 1).

Saldigitin B (2) was obtained as a white powder, and gave
rise to a [M+H]|* peak at m/z 331.1165 (calcd. 331.2268) in the
positive-ion-mode HRESIMS, corresponding to the molecular for-
mula Cy1H3¢03. Detailed analysis of its 1D NMR data revealed that
the signals for the characteristic aliphatic quaternary carbon [C-10
(8¢ 36-43)] and the methyl group [Me-20 (§c 22-28)] of normal
abietanes were absent in 2 [25,26]. Besides, the observation that H-
20a and H-20b appeared as an AB system at 6y 3.08, 2.97 (1H each
d, J=14.3 Hz) further confirmed that 2 is an icetexane-type com-
pound with a typical seven-membered ring B [25,26]. Structurally,
2 is quite similar to salvicanol (4) except for the replacement of
a methyl with an oxygenated methylene in 2 [29,30]. The long-
range HMBC correlations (Fig. S2 in Supporting information) from
H,-19 (6y 3.71, 3.57, d, J=79 Hz) to C-3, C-4 (8¢ 44.2), C-5 (8¢
54.8), C-10 (8¢ 84.9), and C-18 (8¢ 19.3), and from H,-1 (8y 1.74,
1.54, dd, J=12.7, 5.7 Hz) to C-5, C-10, and C-20 (6. 34.3) confirmed
the presence of an ether bridge between C-10 and C-19. For bio-
genetic reasons, H-5 and Me-18 were expected to be cofacial and
adopt an «-orientation as established by the ROESY correlations of
H-70/H-5/H3-18/H-2¢x. To determine the absolute configuration of

saldigitin B (2), (4S,55,10S)-2 was subjected to TDDFT ECD calcu-
lations at two independent levels of theory: CAM-B3LYP-SCRF/6-
311+G(2d,p) (methanol, IEFPCM solvent model) and PBEO-SCRF/6-
311+G(2d,p) (methanol, IEFPCM solvent model). At both levels of
theory, the calculated ECD spectra matched well with their ex-
perimental counterpart (Fig. S4 in Supporting information). Con-
sequently, the structure of saldigitin B (2) was assigned and its ab-
solute configuration was determined as 4S, 5S, and 10S.

Saldigitin C (3), isolated as a white amorphous powder, and
showed a molecular ion at m/z 273.1866 [M - H|™ in the HRES-
IMS (calcd. 273.1860), which correlated to the molecular formula
CygH550,. Comparison of its 1D NMR spectroscopic data (Table 1)
with those of pisiferanol indicated they were similar to each other
except that the isopropyl group at C-13 in pisiferanol was replaced
by a methyl group in 3 [28]. This deduction was confirmed by the
HMBC correlations from Me-15 (§y 2.03, s) to C-12 (§¢c 152.7), C-
13 (8¢ 120.2), and C-14 (§¢c 130.1) [28]. As in the case of 2, Me-
19 of icetexane diterpenoid was expected to be B-oriented, while
H-5 and Me-18 were «-oriented. Furthermore, the ROESY cross-
peaks of HO-10/H3-19, H-1a, H-2b, H-20b, and H-7a confirmed that
they were spatially close and can be assigned as B-oriented. Con-
sequently, the correlations of H-5/H3-18, H-7b, H-20a, and H-1b
indicated that they were cofacial and adopt an «-orientation. The
absolute configuration of saldigitin C (3) was also established by
TDDFT ECD calculations. At both levels of theory, the calculated
ECD spectra of (55,10S)-3 were found to be consistent with the ex-
perimental spectrum (Fig. S4). Accordingly, the absolute configura-
tion of 3 was determined as 5S and 10S.

Saldigitin D (5) was isolated as a white needle crystal and was
assigned the molecular formula C;9H,40,, based on HRESIMS (m/z
285.1844 [M +H]*, caled. CigHp50,, 285.1849). Analysis of its 1D
and 2D NMR data revealed that 5 possessed similar scaffold to that
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Scheme 1. Putative biosynthetic pathway to 1.

of 7-keto-sempervirol (18) [31-33]. Their key difference was the
presence of a trisubstituted olefin at the C-3 and C-4 in 5 instead
of the saturated single bond in 7-keto-sempervirol. This elucidation
was confirmed by the HMBC correlations from Me-18 (64 1.66, s)
to C-3, C-4, and C-5, from H-5 (§y 2.77, br d, J=14.6 Hz) to C-
3, C-4, and C-18, and the 'H-'H COSY spin system H,-1/H,-2/H-3.
In addition, the location of the isopropyl moiety at C-12 was sup-
ported by the HMBC correlations from Me-16 and Me-17 to C-12.
Furthermore, a single-crystal X-ray analysis (CCDC: 2120507) suc-
cessfully confirmed the established structure (Fig. 2 and Fig. S3 in
Supporting information), however, the Flack parameter (-0.35(8))
was insufficient to unambiguously determine its absolute configu-
ration. Then, TDDFT ECD calculations were run on (5S,10S)-5 and
revealed the absolute configuration of 5 to be 5S and 10S (Fig. S4).
So, the structure of 5 was established and named saldigitin D.

Saldigitin E (6) was obtained as a pink powder. Its molecu-
lar formula was established as C;7H;;04 by 3C NMR and HRES-
IMS (m/z 281.0812 [M+H]*, calcd. C;7H1304, 281.0808). The 1D
NMR data of 6 were similar to those of tanshinlactone (7) ex-
cept for the presence of an additional hydroxymethyl group at 8y
5.00 (d, J=5.1 Hz, H,-18) in 6 instead of the Me-18 in tanshinlac-
tone (7) [34]. This deduction was supported by HMBC correlations
from H,-18 to C-3 (8¢ 126.6), C-4 (8¢ 138.7), and C-5 (6¢ 131.5),
from H-3 (6y 7.75, d, J=7.1 Hz) to C-18 (§c 61.2) (Fig. S3). Thus, 6
was assigned as 18-hydroxy-tanshinelactone and named saldigitin
E.

In addition, salvicanol (4) [29,30], tanshinlactone (7) [34], tan-
shinone IIA (8) [24], tanshinone IIB (9) [35], cryptotanshinone an-
hydride (10) [36], danshenol A (11) [37], ferruginol (12) [24], neo-
tanshinlactone (13) [38], salviprzol A (14) [39], przewalskin (15)
[36], 15,16-dihydrotanshinone I (16) [24], 16,17-dinorpisferal A (17)
[14], 7-keto-sempervirol (18) [31], and15-epi-danshenol A (19) [40],
were carefully identified by comparison of their spectroscopic data
with literature values, and their putative biogenetic relationships
are shown in Scheme S1 (Supporting information).

As stated in the introduction, agents with Cay3.1 LVGCC regu-
latory effects may have promising potential to treat several neuro-
logical disorders [18-20]. In the present study, we firstly revealed
that four new compounds, saldigitins A-D (1-3, and 5), as well
as the known one, salvicanol (4), dose-relatedly blocked Cay3.1
peak currents among their testing concentration range (Fig. 3 and
Table S1 in Supporting information). The ICsq values of 1-5 on
Cay3.1 are 7.08, 10.09, 11.70, 4.97, and 3.43 pmol/L, respectively.
Mibefradil, the positive control, showed stronger activity than 1-5,
with an ICsq value of 1.12 pmol/L (Fig. S12 in Supporting informa-
tion). As shown in Fig. 3, compared to 2, 4, and 5, the blockages
of 1 and 3 were more difficult to wash out, suggesting these two
ones may have deeper binding sites inside the channel. Saldigitin
E (6) showed negligible effect on Cay3.1 at the concentration of 10
pmol/L (Fig. S11 in Supporting information). The structure-function
relationships and action characteristics of those active compounds
deserve to be elucidated in future.

To the best of our knowledge, compound 1 can be seen as the
first diterpenoid featuring an unprecedented 10-methylated 6/7/6
carbon ring system. In comparison with normal icetexanes with a
10-unmethylated 6/7/6 carbon scaffold, 1 should be derived from
a distinct biopathway from the normal abietane skeleton under-
gone the cleavage of rings B/C and then re-cyclization. The 6/7/6-
tricyclic core structure of icetexanes were also constructed via nat-
ural rearrangement of more normal 6/6/6-fused abietane diter-
penoids [1]. These diterpenoids have aroused great attentions from
the synthetic communities for their interesting structures as well
as significant bioactivities [41-46]. In the bioactive assay, we firstly
revealed that four diterpenoids with 6/7/6 carbon skeleton, 1-
4, and a 19-nor-15(13— 12)-abeo-abietane (5) showed notable in-
hibitory effects on Cay3.1 LVGCC, which may have promising po-
tential to treat several neurological disorders. In summary, about
70 icetexanes with the normal 6/7/6 skeleton have been identified
and synthesized so far [8,41-44], the present study provides new
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Fig. 3. Inhibitory effect of compounds 1-5 on Ca,3.1. (A) Representative Ca,3.1 peak current traces elicited by 150 ms depolarization to —30 mV at 4 s intervals from
a holding potential (HP) of —100 mV in the absence (control) and presence of different concentrations of 1-5, respectively. (B) Current-voltage (I-V) curves of Ca,3.1 in
the absence or presence of 1-5 at 10 umol/L. Cay3.1 currents were evoked from a holding HP of —100 mV by 150 ms depolarization from —80 mV to +60 mV in 10
mV increasement at 4 s intervals. (C) Dose-response relationships of 1-5 for Ca,3.1 at HP of —100 mV, respectively. Data points represent mean + SD of three to five
measurements. The solid curve represents a fit to the Hill equation. The ICsy values of 1-5 are 7.08, 10.09, 11.70, 4.97, and 3.43 pmol/L, respectively.

perspectives for the structures and biological activities of the diter-
penoids with 6/7/6 carbon ring system.
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